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The solution-hydrogenation of Baukol-Noonan lign ite , from Burke 
County, North Dakota, was undertaken in a microautoclave with various 
organic so lv en ts . The reactor was charged with pulverized lignite and 
solvent (mixture) in a 1:4 ratio by weight. The reaction conditions were 
7 3 5 -7 5 0 ° F ,  1500 psig . in itia l hydrogen pressure and two hours of 
reaction time at temperature and pressure.
The percent solubilization of lignite was calculated  from the weight 
of residue recovered and in itia l weight of lignite charged. It was found 
that a hydroaromatic ring which was polarized by a nitrogen atom or 
coupled with a benzene ring was an effective  solvent for lign ite . So l­
vents with any two of the three additions of -OH, -NH2 or heterocylic 
nitrogen attached on or substituted in the naphthalene ring, were not 
su itab le . Among eight binary mixtures of solvents tes te d , the so lu b ili­
zation of lignite using mixtures was le s s  than with one or both of the 
pure solvents used in the mixture.
viii
INTRODUCTION
The advantages of a liquid fuel over a solid fuel are readily 
apparent in terms of today’s economy. The conventional source of 
liquid fu e ls ,  petroleum, is  becoming increasingly more expensive and 
difficult to obtain. Known reserves of petroleum are rather limited in 
comparison to c o a l .  Presently it  appears that conversion of some of the 
abundant coal resources to liquid fuels is  becoming economically 
a t tra c t iv e .
Competition from petroleum products has had a depressing influ­
ence on coal production. A possib le  method for conversion of coal into 
a liquid product that can compete in the convenience market is thermal 
decomposition of coal in hydrogen atmosphere in the presence of a 
so lvent.
Coal is a so lid , high molecular weight substance whose elemental 
composition differs from petroleum mainly in the relative amounts of 
hydrogen and oxygen. Coal is  higher in oxygen and lower in hydrogen 
content than petroleum.
At high temperature and pressure, hydrogen can.be added to the 
reactive  s ite s  resulting from the thermal action on c o a l ,  thus convert­
ing the coal to liquid and gaseous products. Primary products from the
1
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hydrogenation of coal are hydrocarbon complexes of high molecular 
weight (asphaltenes) that must be further hydrogenated to produce d is ­
t il lab le  o i l .  The degree of dissolution depends on the rank of co a l,  
physical and chem ical properties of the solvent and process v ariab les .
The purpose of the present work is to determine the relative 
e ff icacy  of different organic solvents and solvent mixtures in the
solution-hydrogenation reaction with lignite .
LITERATURE REVIEW
Devising a method for conversion of coal to liquid products 
requires knowledge of the chem ical structure of coal which is compli­
cated and perhaps undefinable in d eta il .  Coal is generally considered 
to be b as ic  polycyclic  structures bound together into a high molecular 
weight polymeric network by short aliphatic bridges. They are not pure 
hydrocarbon structures but contain some hetero atoms such as nitrogen, 
oxygen and sulfur. It is  known, for example, that a large fraction of 
the oxygen is  present as phenolic hydroxyl groups attached to aromatic 
rings while a le s se r  portion is  present in the form of a heterocyclic  ring 
structure, as mentioned by Van Krevelen [ 1].
Kiebler [2] stated that at temperatures above 3 60 °C , thermal 
breaking of bonds between coal polymer units o ccu rs , forming the active 
s i t e s .  These s i t e s ,  probably of a free radical nature, remove hydrogen 
from the hydrogen transfer agent or from the gas phase forming chem i­
ca lly  stable units which dissolve in the solvent. Franke, Crowley and 
Elder [3] suggested that in solution of l ign ite , the hydrogen transfer 
process becomes most active at temperatures above 3 6 0 °C , the tempera­
ture at which thermal decomposition of lignite begins.
Work on the hydrogenation-solution reaction of coal has been
3
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underway for many y e a rs .  As early as 1869, coal was hydrogenated in 
the laboratory by Berthelot [4]. This hydrogenation was carried out with 
hydriodic acid at 270°C  for 24 hours, and a 67 percent yield of oil was 
obtained. Hydrogenation of coal into liquid products or fuels was not 
considered practical until 1913. At this time commercial development of 
the Bergius [5] concept of direct hydrogenation of coal under hydrogen 
pressure at elevated temperature was undertaken. In the Bergius 
p ro ce ss ,  powdered coal was mixed with an equal weight of a heavy 
recy c le  oil produced in a previous hydrogenation together with a 
titaniferous iron ore as a c a ta ly s t .  Process conditions were 4 8 0 °C , and 
200 atmospheres hydrogen pressure. Contact time was about two hours. 
The yield of oil was 40 to 50 percent, of residue 35 percent, and of g a s ,  
20 percent, a ll on a dry, ash -free  coal b a s is .
A system atic  study of ca ta ly tic  hydrogenation of pure bright 
bituminous coal was conducted by Storch and coworkers [6] ,  using 
stannous sulfide as ca ta ly s t  and tetrahydronaphthalene as a hydrogen 
donor. These experiments were carried out at 70 atmospheres and 
4 5 0 °C .  Their data showed that the maximum yield of liquid product was 
obtained from coal with 88 percent carbon and an H/C ratio of 0 . 7 .  The 
yield decreased rapidly for coals  with carbon contents from 88 percent 
to 91 percent. Higher rank co a ls  with an H/C ratio below 0 .6  and a 
carbon content of 9 1 percent or greater did not hydrogenate.
According to Orchin and Storch [7], a two ring solvent containing a
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hydroxyl group attached to an aromatic ring and a hydroaromatic ring was 
found to be particularly effective  in bituminous coal extraction at 4 00 °C . 
They stated that use of hydrogen under pressure makes the hydroaromatic 
ring unnecessary .
D'yakova [8] has pointed out that between 360 and 4 0 0 °C ,  the 
e ffec t iv en e ss  of a solvent under hydrogen pressure decreased in the 
following order: am ines, phenols, c y c lic  hydrocarbons, aliphatic 
hydrocarbons. (The amines were of the aniline type.) Substitutent 
groups such as OH, NH and NH2 increased the solvent power. A 
carbonyl group in the para-position caused a sharp increase  in e f fe c ­
t iv en ess  .
Dryden [9] concluded that the important factor determining the 
high solvent power of amines and related solvents for lower rank 
bituminous co a ls  under hydrogen p ressu re , was the availability  of an 
unshared pair of electrons on an oxygen or a nitrogen atom. The 
marked superiority of primary over secondary and tertiary aliphatic 
amines as solvents for coal was explained by the absence in the pri­
mary amines of steric  hindrance due to the presence of more than one 
alkyl group on the amine.
Dryden a lso  pointed out that many organic liquids have been 
suspected of chem ical interaction rather than mere solvent action on 
co a l .  An indication of chem ical interaction is that the total weight of 
products sometimes exceed s the original weight of c o a l .  This in crease
6
may be the result of strong adsorption of solvents on the residue and 
ex tract .  With mixtures of so lv en ts , the danger of interaction is 
increased .
Dryden has examined the e ffec t  of extraction time on yield . When 
the coal and solvent were shaken together, extraction was much more 
rapid. Using coal ground through 72 mesh, one hour of contact was 
found to be adequate. In some c a s e s ,  e x c e s s iv e  shaking had a d e le te ­
rious e f fec t  on yie ld . When solvent and coal are heated together, there 
is always a p o ssib ility  that the extraction yield will pass through a maxi­
mum because of aggregation or resorption of the extract.
Kiebler [10] has mentioned that it is  very doubtful that creso l and 
naphthalene act as intermediates in hydrogenation of lignite as these  
pure solvents do not absorb hydrogen at reaction pressure and tempera­
ture. He sta tes  that it is  more likely  that the lignite reacts  with the 
hydrogen directly and the solvents d issolve the reaction products along 
with the soluble part of the lign ite . The results of this work agree with 
those reported by Orchin and Storch.
Some results obtained from uncatalyzed solution of a North Dakota 
lign ite , Baukol-Noonan, from D esai [11] are given in Table 1. Test 
conditions were 7 3 5 -7 5 0 ° F ,  at an in itial hydrogen pressure of 1500 
psig . T est conditions, equipment and procedures were the same as in 
the present work.
The e ffec t  of ca ta ly s t  on hydrogenation has been summarized by
7
TABLE 1
PERCENT SOLUBILIZATION OF LIGNITE IN ORGANIC SOLVENTSa
Solubilization Percent
Solvent R l*5 R2  ̂ Average
Benzene
Phenol
0 -  Cresol 
n-Butyl amine 
Cyclohexane








1 , 2 , 3 , 4  -Tetrahydro quinoline 
Anthracene oil (distilled)
2 6 . 5 3 0 . 1 2 8 . 3
2 9 . 9 33 . 3 3 1 . 6
4 2 . 3 31 . 0 3 6 . 7
36 . 8 3 7 . 5 37 . 2
4 3 . 7 3 8 . 8 4 1 . 3
4 5 . 5 40 . 9 4 3 . 2
4 5 . 4 4 4 . 6 4 5 . 0
4 5 . 5 4 7 . 4 4 6 . 5
4 6 . 5  . 4 9 . 6 4 8 . 1
4 9 . 1 50 . 0 4 9 . 6
52 . 3 47 . 4 4 9 . 9
63 . 3 62 . 3 62 . 8
7 3 . 0 70 . 4 7 1 . 7
93 . 2 9 3 . 5 9 3 . 4
60. 2 65 . 4 6 2 . 8
a By D esai [11] , "Thermal Dissolution of Lignite Under Hydrogen 
P ressu re ,"  M . S .  Thes i s ,  University of North Dakota (1969) ,  p.  21.
DR1 and R2 are the results of duplicate runs-.
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Hawk and Hiteshue [12]. The reaction was carried out at 450°C  and 
1000 psig . in itial hydrogen pressure with various c a ta ly s ts ,  and 
Pittsburgh seam hvab coal was used. Results are shown in Appendix A. 
The best c a ta ly s ts ,  in this c a s e ,  were Sn plus NH^Cl and Sn02 plus
n h 4 c i .
A series  of solution-hydrogenation te s ts  using lignite tar as a 
starting solvent and recycling solvent for su cce ss iv e  runs was made 
by Severson and coworkers [13]. Examination of recycle  tar over five 
cy c le s  showed that the content of phenolic compounds and the lignite 
solubilization was reduced in each su cce ss iv e  cy c le .
APPARATUS, MATERIALS TESTED AND PROCEDURES
Apparatus
The apparatus employed in the present experiments was that used 
by D esai [11] , and is shown in Figure 1. D etails  are explained as 
follows:
The main reactor was a microautoclave which was constructed 
from a type 316 s ta in le ss  s tee l tube, 9/16 in. o . d .  , 5/16 in. i . d .  ,
6 in. in length, capped at one end,  giving an 8 ml. internal volume.
The reactor was connected to a pressure gauge using s ta in le ss  s tee l 
tubing. Connections and tubing were designed for 15 , 000  psig . at 
100°F and were supplied by Autoclave Engineers, In c . of Erie, 
Pennsylvania.
The heater, enclosing the m icroautoclave, was a 1 .5  in. i . d .  and 
8 in.  long pipe, wound on the outside with a beaded heater c o i l ,  and 
insulated with 1 .5  in . thick m agnesia. The heater was controlled 
through a manual adjustm ent, which varies the voltage applied to the 
heater c o i l .
The reactor and heater were held on a Cencomeinzer Sieve Shaker 
driven by an e le c tr ic  motor with a double ended shaft.. The speed of the 

















/ \ y . - X .
Fig. 1 . - -S ch e m a tic  diagram of reactor assem bly.
By D esai [11] , "Thermal Dissolution of Lignite Under Hydrogen 
P re ssu re ,"  M . S .  T h e s is ,  University of North Dakota (1969) ,  p.  13.
i
11
gyratory motion was produced.
A 1/16 in. s ta in less  s te e l  rod with a flattened end was placed 
inside the reactor to improve the mixing.
A chromel-alumel thermocouple was silver-soldered to the outside 
wall of the reactor, 2 in . from the bottom of the tube. The thermo­
couple was connected to a Honeywell Temperature Recorder.
D esai [11] had estab lished  that the difference between the 
measured external temperature and the internal temperature was approxi­
mately 10°F at reaction temperature.
M aterials Tested
Lignite from the Baukol-Noonan mine, near Larson, in Burke 
County, North Dakota, was used. The lignite was pulverized to minus 
2 00 mesh and dried in a nitrogen atmosphere at 110°C for two hours 
before using. Proximate analysis  and ultimate analysis  of this dried 
lignite are shown in Appendix 6 , and the ash analysis  is presented in 
Appendix € .
Organic solvents were obtained from various suppliers and are 
listed  in Appendix L). 1
Hydrogen was obtained from a commercial supplier in a tank at 
2000 psig . , and was used directly from the tank.
Procedures
The reactor was charged with pulverized lignite (0. 6  grams) and
12
organic solvent (mixture) in a 1:4 ratio by weight. After sea lin g , the 
reactor was pressurized to 1500 psig . with hydrogen and held at room 
temperature more than two hours, in order to te s t  for leakage by noting 
the constancy of pressure. The reactor was then inserted in the heater 
assem bly. The heater voltage was set at 110 volts in it ia lly , and gradu­
ally  decreased to about 80 volts as the temperature increased to 
735 - 7 5 0 ° F  in about 40 minutes. This temperature was maintained for 
two hours.
The vibrator-shaker speed was at No. 2 rheostat position, and 
the unit operated for 5 of every 10 minutes. The vibrator-shaker was 
operated periodically, because constant operation increased the 
possib ility  of leakage. By investigating two otherwise identical runs, 
it was found that there was no noticeable difference between constantly 
shaking and shaking for 5 minutes out of every 10 minutes. The pressure 
was recorded at 15 minute intervals during the reaction period.
After two hours, the reactor was removed from the heater. About 
40 minutes was needed for the reactor to cool to room temperature. The 
gas under pressure was released slow ly, and the residue and extract 
were washed from the reactor into a 500 ml. beaker with aceton e.
Usually 150-200 ml.  of acetone was used; an equal amount of benzene 
w as added to the beaker, and the mixture was stirred with a g la ss  rod 
before filtration.
The material co llected  in the acetone-benzene mixture was vacuum
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filtered through an asb es to s  mat in a gooch crucib le . The residue which 
was retained in the crucible was washed with hot tetralin (usually le s s  
than 40 ml . ) .  Tetralin was removed from the solid by washing with 
acetone (5-10 ml . ) .  The crucible containing the solid was dried at 
110°C for 30 minutes, and then weighed.
EXPERIMENTAL RESULTS
Based on the structure of the solvents used in the present work, 
the experimental data were divided into three groups--A, B and C .
Group A included the derivatives of single aromatic ring compounds and 
g lycerin . Derivatives of multiple aromatic ring compounds are in group 
B. Binary mixtures of various organic solvents make up group C . Data 
for groups A, B, and C are tabulated in Tables 2 , 3 , ancl-4 resp ectively * 
and solubility  for mixtures is plotted in Figure 2 .  In Tables 2 , 3 ,  and 4,  
the percent so lubilization, maximum reaction pressure and average 
solubilization for duplicated runs are presented. R1 and R2 represent 
the results  of duplicate runs. The residue ratio is the ratio of the 
weight of MAF residue to the weight of MAF lign ite . Residue ratio is 
given whenever the weight of residue recovered exceeded the weight of 
lignite charged on an MAF b a s is .
The percent solubilization was calculated  from the weight of MAF 
residue retained on the crucible filter-m at and weight of MAF lignite 
charged, as follow s:





PERCENT SOLUBILIZATION OF LIGNITE IN SOLVENTS OF GROUP A
(DERIVATIVES OF SINGLE AROMATIC RING COMPOUNDS AND GLYCERIN)
Run Solvent
Pressure 





R lb R2b Average
A1 Aniline 2300 50 . 1 4 1 . 2 4 5 . 7
A2 Benzidine 2180 1.02
A3 Diphenylamine 2180 51 . 9 5 1 . 9
A4 Pyridine 2480 3 4 . 3 3 4 . 3
A5 Piperidine 2580 67 . 0 6 8 . 7 67 . 9
A6 Piperazine 3350 3 7 . 0 3 7 . 0
A7 Benzoic acid 2990 1. 05
A8 S a licy lic  acid 3250 15.2 15. 2
A9 Resorcinol 2950 3 . 1 6
A10 Pyrogallol 3220 3 . 3 5
Al l Glycerin 3850 6 . 8 6 . 8
a Residue Ratio is  the ratio of the weight of MAF residue to the 
weight of MAF lignite .
bRl and R2 are the results  of duplicate runs.
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TABLE 3
PERCENT SOLUBILIZATION OF LIGNITE IN SOLVENTS OF GROUP B
(DERIVATIVES OF MULTIPLE AROMATIC RING COMPOUNDS)
Pressure 





Run Solvent R lb R2b Average
B1 Tetralin 2150 7 0 . 8 7 1 . 9 71 . 4
B2 1 , 2 , 3 , 4 - Te t r a -  
hydroquinoline
2200 8 7 . 8 8 7 . 8
B3 D ecalin 2050 3 8 . 6 35 . 2 3 6 . 9
B4 Quinoline 2100 4 8 . 4 4 8 . 4
B5 b eta -M e th y l-
naphthalene
2180 3 9 . 0 3 9 . 0
B6 Quinoxaline 2100 1 . 87
B7 8 -Hydroxy- 
quinoline
2350 3 . 84
B8 5-A m ino-1- 
naphthalene 
sulfonic acid
2750 3 . 58
B9 5 -A m ino-1- 
naphthol
2600 3 . 0 8
BIO Acridine 2100 1. 65
B l l Tetralin + one 
drop of H2 SO4
2080 6 0 . 1 60 . 1
B 12 Lignite tar + one 
drop of H2 SO4
2350 1.01
•
a Residue Ratio is  the ratio of the weight of MAF residue to the 
weight o f  MAF lignite .
bRl and R2 are the results  of duplicate runs.
17
TABLE -4
PERCENT SOLUBILIZATION OF LIGNITE IN SOLVENT-MIXTURES OF





Run Solvent-M ixture R la R2a Average
C l Tetralin+Quinoline
(50:50)
2100 54 . 3 5 3 . 8 54 . 1
C2 Tetralin+Quinoline
(45:55)
2050 4 7 . 6 4 7 . 6
C3 Tetralin+alpha-Naphthol
(50:50)
2480 60 . 1 60 . 1
C4 Tetralin+o-C resol
(50:50)
2190 61 . 0 61 . 0
C5 alpha-Naphthol+Anthracene 
(50:50)
2080 19. 7 19 . 7
C 6 Naphthalene+Decalin
(50:50)
2200 3 7 . 8 3 7 . 8
C 7 Piperidine+Benzene 
(50:50)
2630 5 3 . 7 5 3 . 7
C 8 Pyridine+Cyclohexane 2550 3 2 . 6 3 2 . 6
(50:50)
R1 and R2 are the results  of duplicate runs.
18
100 50 0 100 50 0
Percent of tetralin Percent of tetralin
0
100 100 “ —
L
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Percent of anthracene 
100 50 0
Percent of c^-naphthol
Fig.  2 . - -So lu b iliza tio n  of Lignite by Solvent Mixtures 
of Group C .
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Fig. 2 . — Continued
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Percent of naphthalene Percent of piperidine




The present work is  an extension of that of D e sa i 's  [11] .  Both 
investigations were carried out using the same apparatus, the same 
experimental conditions and the same procedures. The lignite tested  
was from the same bulk sample. On runs duplicating D e s a i 's  work, 
agreement was within six  percent in a ll  ca s e s  for three different s o l ­
v e n ts .  Thus,  with tetralin  as solvent 7 1 . 7  and 71 . 4  percent (average), 
with quinoline 4 6 . 5  and 4 8 . 4  percent and with 1 , 2 , 3 , 4- tetrahydror 
quinoline 9 3 . 4  and 8 7 . 8  percent solubilization was obtained by D esai 
and the author resp ec tiv e ly . Thus it is  assumed that the results of 
D e s a i 's  experiment are directly comparable for the purpose of this 
d iscu ss io n .
As mentioned in the section  "Experimental Results , " the solvents 
used in the present work were divided into three groups--A , B, and C , 
and are d iscu ssed  separately in the following:
Group A
Piperidine dissolved 67 . 9  percent of the lignite while cyclohexane 
dissolved 4 1 . 3  percent. It seem s that piperidine has more ability  to 
donate hydrogen effec tiv e ly  than cyclohexane. This is  similar to the
20
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comparison of 1 ,2  , 3 , 4-tetrahydro-quinoline with tetralin by Desai [11] .  
Therefore Franke’s [3] suggestion, that a nitrogen atom present in a 
hydroaromatic ring promotes alternate donation and acceptance of hydro­
gen by the hydroaromatic ring to the broken linkages of coal molecule, 
is  lent credence by th ese  re s u lts .  On the contrary, no significant 
difference was observed between pyridine and benzene; the nitrogen 
atom present in a benzene ring did not promote hydrogenation. Desai 
[ 11] showed similarly that naphthalene and quinoline did not differ.
Thirty-seven percent solubilization of lignite was obtained with 
piperazine (C^H^q^ ) .  As compared to 6 7 . 9  percent with piperidine, it 
seems that another nitrogen atom substituted in piperidine caused a 
significant decrease  in solubility , which was probably because of 
instab ility  of piperazine, caused by the strong polarization of the two 
nitrogen atom s. Below 7 3 5 - 7 5 0 ° F ,  the piperazine decomposed and 
re leased  N„ , a s  indicated by the extremely high final pressure on this 
run. N ev erth e less , appreciable solvent action was noted.
The solubilizations of lignite with s a l ic y c l ic  acid and benzoic 
acid were lower in comparison to phenol and benzene resp ectiv ely . The 
reduction was possib ly  because of decomposition and in stab ility , 
perhaps resulting in solvent polymerization or active site deactivation 
by the carbon-dioxide produced in the extraction p ro cess . The final 
reaction pressure of the system after cooling was found to be consider­
ably above the in itia l pressure in these runs, indicating that permanent
22
g a s e s ,  probably mostly carbon-dioxide, were formed during the ex trac ­
tion .
Diphenylamine dissolved 5 1 . 9  percent of lignite whereas aniline 
dissolved 4 5 . 7  percent. It seem s that an additional phenyl group did 
not e ffec tiv e ly  increase  the extent of so lubilization.
Pyrogallol and resorcinol are not recommended as solvents under 
te s t  conditions. They are highly reactive and interact with lign ite . A 
3 . 3 5  and a 3.  16 residue ratio were obtained respectively  from te s ts  
with th ese  so lv ents .
With g lycerin , 6 . 8  percent solubilization of lignite and extremely 
high reaction pressure (3850 psi g. )  were observed. The result seemed 
to be due to the decomposition of g lycerin , and formation of low boiling 
point compounds which are vapor at 7 3 5 - 7 5 0 ° F .
Group B
The solubilization of lignite in beta-m ethyl-naphthalene was not 
significantly  different from that in naphthalene. Thus,  in this ca se  a 
methyl group attached on the naphthalene ring did not apparently affect 
the extent of solubilization of l ign ite .
Similar to pyrogallol in group A, 8 -hydroxy-quinoline, 5-am ino- 
1-naphthalene sulfonic acid and 5-am ino-1-naphthol were not suitable 
for lignite extraction under te s t  conditions.
D ecalin  (36. 9 percent) is  a relatively  poor solvent for lignite
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extraction , as compared to tetralin  (71 . 4  percent). One may conclude 
that even if a d icy c lic  alphatic  compound p o s s e s s e s  hydrogen transfer 
properties in the ex traction , their e f fec t iv en e ss  is greatly reduced in 
comparison to a partially saturated aromatic compound, such as tetralin .
Quinoxaline and acridine were not found suitable as solvents for 
lignite extraction , 1 . 87  and 1 . 65  residue ratios were obtained re s p e c ­
t iv e ly . These runs showed unusually slow filtration and unusual per­
s is te n ce  of color in the washings from the crucible filter-m at with 100 
ml. hot tetra lin . These phenomena indicate that quinoxaline and 
acridine m olecules were interacted with lignite producing products 
soluble in hot tetra lin .
In two t e s t s ,  a drop of sulfuric acid was added to the solvents 
(tetralin and lignite tar) before testing under otherwise standard te s t  
conditions. The purpose of adding the acid was to determine whether 
the reduction of phenolic compound content and lignite solubilization by 
su cce ss iv e  runs with recycled lignite tar as shown by Severson [13] , 
might be due to a reduction in the acidity  of the solvent. Both te s ts  
indicated a decrease in the solubilization of lignite due to the presence 
of the ac id .
Group C
All the binary mixtures tested  showed a solubility that is  either
lower than the better of the two solvents in the mixture or lower than 
both of them. Results are shown in Table 4 and Figure 2 .
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CONCLUSIONS
Tetralin , piperidine and 1 , 2 , 3 ,4-tetrahydroquinoline are the most 
e ffective  solvents tested for lignite solubilization of those tes ted .
These results suggest that a hydroaromatic ring polarized by a nitrogen 
atom or coupled with a benzene ring, has the ability  to donate its  own 
hydrogen during hydrogenation. A d icy c lic  aliphatic compound such as 
decalin  had le s s  hydrogen transfer ability  than the partially saturated 
tetra lin .
A hydroxyl group on the benzene or naphthalene ring was found to 
increase the solubilization of l ign ite , while a methyl group did not. The 
phenyl group in benzidine was ineffective in improving the solubilization 
of lignite as compared to an ilin e .
With-more than one hydroxyl group on the benzene ring, te s t  data 
showed that the solvents tend to interact with the lignite rather than 
have a solvent actio n . The behavior was the same with any two of the 
three additions among -O H , - N ^  and h etero cy clic  nitrogen attached on 
or substituted in the naphthalene ring.
In solvent mixtures te s te d , the solubilization of lignite of the 
mixture was intermediate between or lower than the two solvents in the 
mixture.
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SUGGESTIONS FOR FUTURE WORK
From the results  of solubilization with piperidine and 1 ,2  , 3 , 4 -  
tetrahydroquinoline, it seems worthwhile to determine the solubility of 
lignite using solvents with h eterocy clic  sulfur or oxygen instead of 
nitrogen to polarize the hydroaromatic ring and promote hydrogen dona­
tion.
It is suggested that an adequate shaking and reaction time for 
each different kind of solvent should be determined. The analysis  of 
the gas product should a lso  be attempted in any future work.
It would be interesting to find out the difference in solubility of 
lignite using four different procedures: (1) dry hydrogenation using 
hydrogen pressure but no solvent, (2) hydrogenation with solvent, (3) 
extraction using solvent in the absence of hydrogen, and (4) adding 
solvent to the product of dry hydrogenation and then heating at the 
solvent boiling point for about one hour.
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APPENDIX A
DRY HYDROGENATION OF PITTSBURGH SEAM COAL,
A SURVEY OF CATALYSTS3
Conditions: One hour at 4 5 0 ° C ,  in itial pressure 1000 psig . H2 , 
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aBy Hawk, C. O. , and H iteshue, R. W . , "Hydrogenation of Coal 
in the Bath A utoclave," Bureau of M ines, Bulletin 622,  1965.
APPENDIX B
PROXIMATE AND ULTIMATE ANALYSIS OF MOISTURE-FREE LIGNITEa 







Percent Content 0 . 0 4 1 . 5 4 9 . 3 9 . 2
Ultimate Analysis
H C N O S Ash
Percent Content 4 .3  6 5 . 8 1. 2 19 . 0  0 . 5 9 . 2




ASH ANALYSIS OF BAUKOL-NOONAN LIGNITE, NORTH DAKOTA 
(by Department of the Interior, Bureau of Mines)
Percent of Ash
Loss on ignition at 800°C 0 .7
S i l ic a , 2 7 . 3
Aluminum oxide, AlgOg 15. 1
Ferric o x id e , Fe^Og 3 .8
Titanium oxid e, TiOg 0 . 0
Phosphorous pentoxide, PgOg V 0 . 6
Calcium o x id e , CaO 19. 7
Magnesium o x id e , MgO 5 .7
Sodium oxide, NagO 11. 3
Potassium oxide, KgO 0 .3
Sulfur trioxide , SOg 12 . 1
Total 9 6 . 6
3 0
APPENDIX D
SOURCE AND STRUCTURAL FORMULAE OF SOLVENTS USED IN TESTS
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Solvent Formula Source Grade
OH
Source: a = Mercks Co. , Inc . 
b = Eastman Kodak Company 
c = Central Sc ien tif ic  Company 
d = K & K Laboratories, Inc. 
e -  Fisher S c ien tif ic  Company 
f = J .  T. Baker Chemical Company 
= -Matheson Coleman and Bellg
REFERENCES
1. Van Krevelen, D. W . and Schuyer, J .  , Coal S c ie n c e . Amsterdam: 
Elsevier Publishing C o . ,  1957,  p.  245.
2.  Kiebler, M. W . , Chemistry of Coal U tiliza tion , vo l.  1, Editor: 
Lowry, H. H . ,  pp. 677- 760 , New York: John W iley and S o n s ,
1945.
3.  Franke, N. W . , Crowley, E. I .  and Elder, H. J .  , "Solvent Extrac­
tion of Lignite and Carbonization of Lignite Extract, " Ind. Eng. 
Chern. , 4 9 ,  1402 (1957) .
4 .  Berthelot, P. E. M . ,  Bull. so c .  chim. (2),  1 1 , 278 - 86  (1869).
5.  Bergius, F . and Billw iller, J .  , "Hydrocarbons and Other Liquid 
Products from C o a l , "  U.  S.  Patent No. 1 , 2 5 1 , 9 5 4  (1914) .
6 . F isher, C .  H . ,  Sprunk, G. C . ,  Eisner, A . ,  Clarke, L. , Fein,
M.  L.  and Storch , FI. H . ,  Fuel, _19_, 132,  162 (1940) .
7.  Orchin, M. and Storch, H. FI . ,  "Solvation and Hydrogenation of 
Co a l , "  Ind. Eng.  Che m. ,  40_, 1385-1389 (1948) .
8 . D 'yakova, m . K. and Davtyan, N. A . ,  Bull. acad. s c i .  U . R . S . S . ,  
C la sse  s c i .  t e c h . ,  1945,  pp. 2 0 3 - 0 8 ,  from Dryden, I . G . C . , The 
Chemistry of Coal U tiliza tion , Supplementary Volume , Editor: 
Lowry, H. H . ,  New York: John W iley and S o ns , 19 63 , p.  2 39.
9.  Dryden, I .  G C . ,  The Chemistry of Coal U tiliza tion , Supple­
mentary Volume, Editor: Lowry, H. H . ,  New York: John W iley 
and Sons,  1963,  p.  232.
10.  Kiebler, M. W . , "Extraction of a Bituminous Co a l , "  Ind. Eng. 
Chem. , 32_, 1389 (1940) .
11.  D e sa i,  S . N. , "Thermal Dissolution of Lignite under Hydrogen 
P re ssu re ,"  M. S .  Thes i s ,  University of North Dakota, June, 1969.
34
35
12.  Hawk, C . O . and H iteshue, R. W . , "Hydrogenation of Coal in the 
Batch A utoclave," Bureau of M ines, Bulletin No. 622 , U. S . Depart­
ment of Interior, 17-18 (1965) .
13.  Severson, D. E . ,  Skidmore, D. R. and G leason , D. S . ,  "Solution- 
Hydrogenation of Lignite in Coal-Derived S o lv e n ts ,"  presented at 
the Fall Meeting and Exhibit Society of Mining Engineers of AIME, 
12-15 (September 19 , 1968).
287933
